The present investigation studied the effect of increasing severities of ischemic injury on recovery of oxidative metabolism after reperfusion in isolated rat hearts perfused retrogradely with erythrocyte-containing medium. Hearts subjected to 60 minutes of low-flow ischemia (5% of control perfusion) exhibited delayed but sustained recovery of left ventricular pressure development during reperfusion and preservation of ultrastructure delineated with electron microscopy. Immediately after reperfusion, myocardial oxygen consumption returned to control values, well before left ventricular pressure development recovered. Early after reperfusion release of 14CO2 from [1-'4C]palmitate was reduced (-53%, p<0.01). Conversely, release of 4CO2 from [U-14C]glucose was increased (+131%, p<0.05). After 60 minutes of reperfusion 14CO2 release had completely returned to normal for both labeled substrates. Pulse-labeling experiments indicated that during transient depression of [1-14C]palmitate oxidation more tracer was incorporated into myocardial lipid esters, primarily triglycerides. In contrast to hearts subjected to low-flow ischemia, hearts subjected to 60 minutes of no-flow ischemia exhibited poor recovery of contractile function during the reperfusion period. Electron microscopic examination of reperfused hearts showed advanced myocyte damage consistent with irreversible injury. Interestingly, myocardial oxygen consumption in this group also recovered to control values. The substrate pattern during the early reperfusion period was similar to that of hearts subjected to low-flow ischemia. After 120 minutes of no-flow ischemia, recovery of oxidative metabolism was virtually absent. The results indicate a pronounced dissociation between recovery of oxidative metabolism and of contractile function in reperfused myocardium. The oxidative metabolic rate was disproportionately high compared with contractile function, not only in reversibly "stunned" hearts, but also in severely damaged hearts exhibiting signs of irreversible injury. (Circulation Research 1991;68:1681-1692 F ollowing coronary thrombolysis during evolving myocardial infarction, resumption of oxidative substrate metabolism in the reperfused region is a prerequisite for recovery of contractile function. In normal myocardium the overall rate of oxidative metabolism is closely related to the contractile performance.' Although the myocardium is capable of using a variety of substrates for oxidative metabolism, in normal myocardium fatty acids represent the predominant fuel in most instances.2
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From the Cardiology Center (G.G., P.C., R.L.), University Hospital, Geneva, Switzerland, and Max-Planck Institute (J.S.), Bad Nauheim, FRG. Supported by the Swiss National Science Foundation grant 13% compared with control myocardium, despite a decrease of systolic shortening by 97%. In a similar model with 1 hour of reperfusion after three 10-minute occlusions, a reduction of regional shortening by 63% was associated with an increase of oxygen consumption by 8%. 5 Indirect evidence of altered myocardial substrate metabolism after postischemic reperfusion has emerged from studies in which positron emission tomography and radiolabeled substrates were used. In a dog model with transient coronary occlusion Schwaiger et al67 observed that myocardial extraction of [1-1"C]palmitate was preserved after reperfusion but that clearance of radioactivity from the myocardium was delayed for up to 3 hours after a 20-minute occlusion6 and for up to 7 days after a 3-hour occlusion. 7 The reduced rate of clearance was interpreted as impairment of fatty acid oxidation. This interpretation has been supported by Myears et The extent of recovery of oxidative substrate metabolism as well as the pattern of substrate use in reperfused myocardium is likely to be related to the degree of ischemic tissue injury. It has been proposed that recovery of oxidative metabolism may be confined to reversibly injured myocardium and may presage later recovery of contractile function.'2 However, no investigation has delineated the relation between the severity of ischemic injury and the recovery of oxidative metabolism.
The objectives of the present study were 1) to examine the effect of increasing degrees of ischemic injury on recovery of oxidative metabolism after reperfusion and 2) to determine whether the relative contribution of palmitate and glucose to oxidative metabolism is altered.
Materials and Methods Isolated Perfused Rat Heart
Adult male ZUR:SIV rats (Department of Veterinary Medicine, University of Zurich) (200-300 g) were fasted for 24 hours and anesthetized by diethyl ether inhalation. One minute after intravenous injection of 1,000 IU heparin the heart was rapidly excised and immersed in ice-cold saline. After complete cessation of contractions the caval and pulmonary veins were ligated and the heart was weighed. The (20 g.tCi/l) (Amersham Corp., Arlington Heights, Ill.).
The experimental medium was supplemented with washed human erythrocytes at a hematocrit of 0.30. The rationale for the inclusion of erythrocytes was to permit sufficient oxygenation at a physiological flow rate of 2 ml.min-'g-1. Conventional erythrocyte-free perfusion requires high flow rates resulting in small and difficult to measure arteriovenous differences of labeled substrates and metabolites.13
Protocol and Experimental Groups
At the onset of perfusion with the experimental medium, systolic pressure was adjusted to 90 mm Hg by changing the volume of the latex balloon. The volume was then kept constant throughout the experiment. Before induction of ischemia all hearts were equilibrated for 20 minutes with the experimental medium at control flow (2 ml.min-' g-'). At the end of the equilibration period samples of the perfusate (withdrawn just above the aortic cannula) and the pulmonary effluent were collected for the determination of baseline values of metabolic parameters. Subsequently, four different protocols were followed.
Control group. The first group of hearts (n = 19) was perfused aerobically without intervention for 140 minutes. Samples of the perfusate and the pulmonary effluent were collected again 85, 95, 110, and 140 minutes after onset of perfusion with the experimental medium (corresponding to 5, 15, 30 , and 60 minutes of reperfusion in the groups with 60 minutes of ischemia). At the end of the experiment the heart was rapidly frozen with Wollenberger clamps precooled in liquid nitrogen.
Group with 60 minutes of low-flow ischemia. The second group of hearts (n=22) was subjected to 60 minutes of low-flow ischemia with a coronary flow reduction to 5% of control (0.1 mlFmin-l g-') followed by 60 minutes of reperfusion at control flow. During ischemia, temperature was maintained at 37°C by a heated jacket. Perfusate and coronary effluent samples were collected 5, 15, 30, and 60 minutes after the onset of reperfusion. At the end of the experiments the hearts were freeze-clamped.
Group with 60 minutes of no-flow ischemia. The protocol of the third group of hearts (n=15) differed from the preceding group in that myocardial blood flow was completely stopped for 60 minutes followed by 60 minutes of reperfusion. To avoid intravascular erythrocyte aggregation during cessation of flow the coronary circulation was filled with KH buffer during the ischemic period.
Group with 120 minutes of no-flow ischemia. The fourth group of hearts (n=11) was subjected to 120 minutes of no-flow ischemia. In this group the hearts were frozen after 30 Electron Microscopy Hearts were perfusion-fixed 10 minutes after the onset of reperfusion following either 60 minutes of low-flow ischemia (n=5), 60 minutes of no-flow ischemia (n=4), or 120 minutes of no-flow ischemia (n-3). Control hearts were perfusion-fixed after 140 minutes of perfusion at control flow (n=3). For fixation hearts were perfused with 2.5% glutaraldehyde buffered in 0.1 M cacodylate (pH 7.4) for 5 minutes at room temperature.20} The hearts were then removed and immersed in the same solution for 24 hours.
Hearts were rinsed with 0.1 M cacodylate buffer plus 7.5% sucrose. Small blocks were selected from the anterior, lateral, and posterior walls of the left ventricle and subdivided into subepicardial and subendocardial samples. These were postfixed with osmium tetroxide and embedded in Epon. Ultrathin sections were stained with uranyl acetate and lead citrate and examined electron microscopically (CM 10, Philips, Eindhoven, The Netherlands) by one of us (J.S.). Classification of the degree of ischemic injury was carried out using a semiquantitative scoring system as described previously.21 This evaluation system using ultrastructural criteria is based on a study comparing functional, biochemical, and morphological data of ischemic hearts. minutes after the onset of reperfusion (p<0.01). There was marked elevation of left ventricular diastolic pressure, indicating myocardial contracture. Hearts subjected to 120 minutes of no-flow ischemia exhibited no recovery of contractile function during reperfusion.
Thus, 60 minutes of low-flow ischemia resulted in depression of contractile function early after reperfusion that was mostly reversible. In contrast, after no-flow ischemia for either 60 or 120 minutes contractile function remained severely depressed during the reperfusion period.
Myocardial ATP and CP content. Table 1 summarizes myocardial ATP and CP content after 140 minutes of control perfusion and after 60 minutes of reperfusion following 60 minutes of either no-flow or low-flow ischemia. After 60 minutes of reperfusion following 60 minutes of low-flow ischemia myocardial ATP content was moderately reduced to 73% (p<0.05) of the control value. Myocardial CP content was only slightly reduced to 86% (p=NS). At the end of the reperfusion period after 60 minutes of no-flow ischemia, ATP and CP values were severely depressed to 24% (p<0.01) and 13% (p<0.01) of control values, respectively.
Myocardial ultrastructure. Figure 2 shows typical electron micrographs of the myocardium in the four groups of hearts. Ultrastructural findings are summarized in Table 2 . Hearts perfused at control flow exhibited normal ultrastructure. Ten minutes after reperfusion following 60 minutes of low-flow ischemia, the ultrastructural appearance of the myocardium was only slightly different from normal myocardium, with slight swelling of mitochondria and moderate loss of dense granules. The sarcomeres were relaxed, nuclear chromatin was evenly distributed, and the sarcoplasmic reticulum was intact. Hearts subjected to 60 minutes of no-flow ischemia and 10 minutes of reperfusion exhibited marked alterations of mitochondrial structure with clearing of the matrix, destruction of the cristae, and large amorphous densities in a majority of these organelles. Nuclear shrinkage was evident, and contraction bands were common. Based on previous observations21 the advanced changes in this latter group indicate irreversible damage.
Myocardial Oxygen Consumption of Reperfused Myocardium Figure 3 depicts myocardial oxygen consumption in the four experimental groups. In hearts subjected to 60 minutes of low-flow ischemia oxygen consumption during reperfusion was virtually identical to that measured in control hearts at each time point, even at 5 minutes after the onset of reperfusion, when contractile function was significantly depressed. Surprisingly, average myocardial oxygen consumption was also identical to control hearts after 5 minutes of reperfusion following 60 minutes of no-flow ischemia, when LVPD was less than 10% of control. Thereafter, oxygen consumption decreased, but the average value was still 63% of the corresponding value measured in control hearts at 60 minutes following the onset of reperfusion. In contrast, oxygen consumption was severely depressed following reperfusion after 120 minutes of no-flow ischemia.
Thus, during the early reperfusion period oxygen consumption was exceedingly high compared with contractile function, both in moderately injured hearts that subsequently recovered contractile function and in hearts that were severely injured after 60 minutes of no-flow ischemia as evidenced by poor recovery of contractile function, severe depletion of high energy phosphate stores, and ultrastructural damage.
Myocardial Palmitate Oxidation of Reperfused Myocardium
Palmitate extraction and palmitate oxidation, estimated from release of 14CO2, is depicted in Figure 4 . In hearts subjected to 60 minutes of low-flow isch- In hearts subjected to 60 minutes of no-flow ischemia the behavior of palmitate extraction and oxidation was similar to that of the group with 60 minutes of low-flow ischemia. Palmitate extraction did not differ significantly from control hearts during the entire reperfusion period. However, the release of 1'CO2was transiently depressed to 69% of control (p<0.05) at 5 minutes after reperfusion but subsequently recovered almost completely to 94% of control at 60 minutes, despite poor recovery of contractile function.
In contrast, hearts reperfused after 120 minutes of no-flow ischemia exhibited severe and persistent depression of palmitate extraction and oxidation. Figure 5 . In hearts subjected to either 60 minutes of low-flow ischemia or 60 minutes of no-flow ischemia, release of 14CO2 rapidly recovered and tended to be transiently increased during the initial 15-30 minutes after the onset of reperfusion. 
Methodological Considerations
The retrogradely perfused isolated heart preparation was selected to study defined degrees of ischemic injury, because it allows the control of a number of variables that influence the severity of ischemic damage in vivo. These variables include myocardial perfusion, work load, substrate composition of the perfusate, neurohumoral influences, and other factors.
A shortcoming of isolated heart preparations is that definitive distinction between reversible and irreversible postischemic injury may be difficult because the observation period is limited. In the present study 60 minutes of low-flow ischemia resulted in incomplete recovery of developed pressure to only 59% at 5 minutes after reperfusion. Although some irreversible damage cannot be excluded, the majority of the myocardium was most likely reversibly injured in this group, as evidenced by the preservation of ultrastructure and recovery of both developed pressure to 82% and CP to 86% after 60 minutes of reperfusion. In contrast, after 60 minutes of normothermic no-flow ischemia, recovery of left ventricular pressure development was poor (26% of control) during the 60-minute reperfusion interval. Depression of contractile function may reflect reversible "stunning" of viable myocardium. However, the extremely low values of high energy phosphate content25 and the advanced ultrastructural damage in hearts processed for electron microscopy21 suggest that most of the myocytes in this group and the 120-minute ischemia group were irreversibly injured at the end of the experiment. Irreversible damage of myocytes that are reversibly injured at the end of the ischemic period may occur early after reperfusion. 26 The experimental protocol of the present study does not permit the distinction between irreversible damage occurring during ischemia and that arising during the early reperfusion period.
Continuous perfusion of hearts with labeled substrate was used for repeated estimation of the rate of substrate oxidation. This approach is valid provided that myocardial pools of the substrate and the metabolic intermediates are equilibrated with the tracercontaining medium. At the moment of induction of ischemia, production of 14CO2 from [1-14C]palmitate and [U-`4C]glucose has reached 87% and 78% of the value measured at 85 minutes in the control hearts. This suggests that labeling of fatty acid pools with high turnover was close to equilibrium at the moment of induction of ischemia. However, a degree of caution may be warranted in interpreting values of Pauly and McMillin-Wood23 observed impairment of the transfer of long-chain fatty acids across the inner membrane of mitochondria isolated from a myocardial region subjected to 60 minutes of ischemia followed by 20 minutes of reperfusion. In the present study, oxidation of [1-P4C]acetate was reduced to a similar extent compared with the oxidation of [1-14C] palmitate. This observation suggests that mechanisms other than inhibition of mitochondrial transport of palmitoyl coenzyme A may be involved in the transient reduction of release of`CO2 from [1-14C]-palmitate early during reperfusion.
Implications for Myocardial Imaging With Radiolabeled Metabolic Substrates
Assessment of myocardial substrate metabolism by new imaging modalities such as positron emission tomography has been proposed for the delineation and characterization of myocardial injury after reperfusion procedures.734 In dogs subjected to coronary occlusion followed by reperfusion Schwaiger et a17 observed that clearance of [1-1tC] 2-deoxyglucose in dogs in vivo persisted for days. 7 The explanation for the apparent difference in the time course of normalization of substrate metabolism is not clear. Differences in the animal species and the severity of the ischemic insult may account for the discrepancy. Furthermore, externally derived kinetics of labeled substrates are influenced by numerous factors in addition to the oxidative metabolic rate, which include the size and turnover of the labeled intracellular pools, washout of labeled metabolites, and backdiffusion of nonmetabolized tracer.
Recovery of regional extraction of metabolic substrates documented after reperfusion by positron emission tomography is considered to indicate tissue viability.7'34 The results of the present study suggest that residual metabolism may not be restricted to reversibly injured parts of the myocardium, but also may persist in regions that are already irreversibly injured. This observation warrants some caution for the interpretation of metabolic parameters in terms of reversibility of the ischemic injury, at least for the early reperfusion period.
